Heat-shock proteins are produced in response to different types of stress conditions making cells resistant to stressinduced cell damage. Under normal conditions, heat-shock proteins play numerous roles in cell function, including modulating protein activity by changing protein conformation, promoting multiprotein complex assembly/disassembly, regulating protein degradation within the proteasome pathway, facilitating protein translocation across organellar membranes, and ensuring proper folding of nascent polypeptide chains during protein translation. When cells are stressed, a common response is to undergo cell death by one of two pathways, either 'necrosis' or 'apoptosis'. Recently, both routes to cell death have been revealed to share similar mechanisms, with heat-shock proteins and their cofactors responsible for inhibiting both apoptotic and necrotic pathways. We therefore briefly summarize recent reports showing molecular evidence of cell death regulation by heat-shock proteins and their cochaperones.
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Overexpression of Hsp27 increases the resistance of cells to various apoptotic stimuli (Mehlen et al., 1996a; Rogalla et al., 1999) . One mechanism by which Hsp27 could interfere with apoptosis is by directly binding to cytosolic Cyt c and sequestering it from Apaf-1 (Garrido et al., 1999; Bruey et al., 2000a) . The antiapoptotic activity of Hsp27 appears to be highly dependent on its oligomeric status. Hsp27 is able to shift between different oligomeric states in a phosphorylation-dependent manner (Lambert et al., 1999; Bruey et al., 2000b) and only the high molecular weight Hsp27 appears competent to inhibit apoptosome formation (Bruey et al., 2000a) . Recently, modification of Hsp27 by methylglyoxal (a glycolysis by-product that modifies proteins at arginine and lysine residues) was reported to repress the formation of large Hsp27 oligomers and inhibit Cyt c-dependent apoptosis (Sakamoto et al., 2002) . These results support a role for Hsp27 in apoptosis by inhibition of apoptosome formation.
Two groups reported a direct interaction between Apaf-1 and Hsp70 that prevents apoptosome formation (Beere et al., 2000; Saleh et al., 2000) . The precise mechanism by which this interaction affords apoptosis inhibition is unclear, but it appears to be mediated by the caspase recruitment domain of Apaf-1 and to require the presence of ATP, implying that the 'foldase' activity of Hsp70 is involved.
Recently, it was shown that Hsp70 protects serum depletion-induced cell death in cells lacking Apaf-1 (Apaf-1 À/À ), indicating that Hsp70 also plays a role in diminishing Apaf-1-independent apoptosis. One of the targets in this situation may be apoptosis-inducing factor (AIF), which normally resides in the intermembrane space of the mitochondria, but upon apoptosis induction translocates to the cytosol and nucleus, where it participates in caspase-independent apoptotic pathways (Ravagnan et al., 2001) . Hsp70 directly binds to AIF, inhibiting AIF-dependent apoptosis. This binding is mediated by the peptide domain of Hsp70, but the ATPase domain is dispensable for cell death inhibition, suggesting that this mechanism is not chaperone-activity dependent (Ravagnan et al., 2001) .
Hsp60 is a heat-shock protein that primarily localizes to the matrix of the mitochondria. Recently, two independent groups reported a role for Hsp60 in caspase-3 maturation (Samali et al., 1999; Xanthoudakis et al., 1999) . In Jurkat T cells, a subpopulation of caspase-3 is found in the mitochondria in complex with Hsp60. Upon induction of apoptosis with staurosporine, mitochondrial procaspase-3 is activated and dissociates from Hsp60 prior to the release of both proteins into the cytosol (Samali et al., 1999) . In vitro, recombinant Hsp60 accelerated the rate at which procaspase-3 was activated by Cyt c and dATP in an ATP-dependent manner, suggesting that the chaperone function of Hsp60 is involved in this process (Samali et al., 1999) . Cytosolic Hsp60 has also been shown to be complexed with the antiapoptotic protein Bax (Gupta and Knowlton, 2002) . Under hypoxic conditions, Hsp60 and Bax dissociate, whereupon Bax translocates to the mitochondria to participate in apoptosis.
The above situations suggest a role for heat-shock proteins upstream of caspase activation. However, Hsp70 overexpression can also inhibit caspase-dependent events that occur much later in apoptosis, such as activation of cytosolic phospholipase A2 and changes in nuclear morphology. Hsp70 could also protect cells from forced expression of caspase-3 (Jaattela et al., 1998) . Thus, heat-shock proteins also inhibit events occurring downstream of caspase activation.
During the final phases of apoptosis, chromosomal DNA is digested by the DNase CAD (caspase activated DNase, also known as DFF 40, DNA fragmentation factor 40), following activation by caspase-3. Recently, the enzymatic activity and proper folding of CAD/ DFF40 was reported to be regulated by Hsp70, Hsp40, and ICAD (inhibitor of CAD). ICAD appears to recognize an intermediate folding state conferred by Hsp70-Hsp40, suggesting that these heat-shock proteins may promote the formation of the CAD-ICAD complex during protein translation (Sakahira and Nagata, 2002) .
Heat-shock proteins regulate survival signaling, stress-induced apoptosis, and TNF family receptor signal transduction
The activity of survival factors, such as nerve growth factor and platelet-derived growth factor, inhibit apoptosis by activating the phosphatidylinositol 3-kinase (PI3-K) pathway. Upon stimulation with growth factors, PI3-K is activated and phosphorylates inositol lipids in the plasma membrane that attract the kinase Akt. Upon association with these lipids, Akt is activated by PDK1-mediated phosphorylation (for review, see Datta et al., 1999; Vanhaesebroeck and Alessi, 2000) . Akt targets multiple proteins in the apoptotic machinery, including Bad, caspase-9, and transcription factors -including the Forkhead family and IKK, the NF-kB regulator (Datta et al., 1997; Cardone et al., 1998; Biggs et al., 1999; Ozes et al., 1999) .
A role for the heat-shock protein Hsp90 in the Akt pathway was suggested by studies using an Hsp90 inhibitor that promoted apoptosis in HEK293T as measured by caspase activation and PARP cleavage and resulted in suppressed Akt activity levels (Basso et al., 2002) . A direct interaction between Hsp90 and Akt was recently reported (Sato et al., 2000; Basso et al., 2002) . When this interaction was prevented by Hsp90 inhibitors, Akt was dephosphorylated and destabilized and the likelihood of apoptosis increased (Sato et al., 2000) . Additional studies showed that another chaperone participates in the Akt-Hsp90 complex, namely Cdc37 (Basso et al., 2002) . Together, this complex protects Akt from proteasome-mediated degradation.
Hsp70 has been shown to bind to nonphosphorylated protein kinase C (PKC) via the kinase's unphosphorylated carboxyl-terminus, priming the kinase for rephosphorylation and stabilizing the protein. In a similar manner, Hsp70 binds Akt, resulting in its stabilization (Gao and Newton, 2002) . Hsp27 also increases Akt activity by an unknown mechanism (Konishi et al., 1997) .
Stress signals are well-known targets for Hsp70. Insults such as heat shock, UV irradiation, and osmotic stress activate the c-Jun N-terminal kinase (JNK) pathway and induce phosphorylation of c-Jun following transcription through AP-1. Hsp70 inhibits stress signalinduced cell death by suppressing JNK activation . This suppression does not require the ATPase domain, suggesting that it is independent of chaperone activity. Recently, the JNK inhibitory effect of the inducible Hsp70 was reported to result from inhibition of JNK dephosphorylation (Meriin et al., 1999) .
While neither the N-terminal ATPase domain or C-terminal EEVD sequence (which is important for chaperone function) is needed for JNK inhibition, wildtype Hsp70 is necessary to suppress caspase-9 and -3 activity in stress signal-induced apoptosis. The chaperone-deficient mutant reduces only JNK activity, not apoptosis. Thus, in this system, JNK inhibition is insufficient for preventing apoptosis, rather Hsp70 prevents apoptosis through its chaperone activity .
TNF-family receptors are involved in the 'extrinsic' pathway for apoptosis. Upon ligation of TNF or related death receptors, a complex protein known as the deathinducing signaling complex (DISC) forms at the cytosolic C-terminus of the receptor. This complex includes adaptor proteins such as TRADD and FADD that recruit procaspase-8 to the DISC. Upon recruitment, caspase-8 becomes activated and in turn processes other downstream caspases. Recently, the Bcl-2-family protein Bid has been recognized as a mediator of the TNF receptor pathway. Bid is cleaved by caspase-8 and the N-terminal-truncated protein translocates to the mitochondria to participate in apoptosis by facilitating Cyt c release (Li et al., 1998; Luo et al., 1998; Gross et al., 1999) . Thus, Bid has an important role in connections between extrinsic and intrinsic pathways of apoptosis.
Hsp70 is able to inhibit TNF-induced cell death, either in its wild-type or C-terminal EEVD-deleted form . However, in Bid homozygousdeleted MEF cells (Bid À/À ), neither EEVD-deleted nor wild-type Hsp70 afforded protection from TNF-induced cell death . Thus, Hsp70 appears to participate in a Bid-dependent cell death pathway. Therefore, in Bid-deficient cells, Hsp70 plays critical roles in TNF-mediated apoptosis. Hsp70 appears to affect the Bid-dependent apoptotic pathway negatively by inhibiting JNK activation by a mechanism that is not fully clear (Gabai et al., 2000) .
In hematopoietic cells, Hsp70 is able to protect against TNF-induced apoptosis. The exposure of these cells to TNF induces the activity of the proapoptotic (Pang et al., 2001 (Pang et al., , 2002 . Hsp90 also has a role in modulating TNF-receptor signaling. Upon ligation of TNFR-1, the receptor interacting protein (RIP) is recruited to the receptor and promotes the activation of NF-kB and JNK. Hsp90 interacts with RIP, resulting in its stabilization (Lewis et al., 2000) . If this interaction is disrupted, RIP is rapidly degraded and causes decreased TNF-induced NF-kB activity and increased vulnerability to cell (Lewis et al., 2000) . Another route by which Hsp90 affects TNF-induced NF-kB activity is via the IKK complex. This complex is composed of two catalytic and one regulatory subunit, and recently it was determined that Cdc37 and Hsp90 are also present, with the association mediated through the kinase domain of the catalytic subunits . The antitumor agent and Hsp90 inhibitor, geldanamycin, abolishes this complex and prevents TNF-induced activation of IKK and NFkB, highlighting the role of Cdc37/Hsp90 in NF-kB activation following TNF exposure .
TNF induces necrosis in some cells lines. In a fibrosarcoma line, Hsp90 seems to control whether cells undergo necrotic or apoptotic cell death. When the Hsp90 function is inhibited by geladanamycin, TNF-R1 induces apoptosis rather than necrotic death, probably as a result of destabilization of intracellular proteins that interact with the TNF receptor (Vanden Berghe et al., 2003) .
Hsp27 also increases resistance to TNF-induced cell death through a mechanism that remains unclear. In the case of the TNF-family receptor Fas, upon ligation, the adaptor protein Daxx is reportedly recruited to the Fas receptor C-terminus, which is followed by eventual JNK activation (Mehlen et al., 1996b) . Hsp27 may interact with Daxx to prevent its translocation from the nucleus to the cytosol. However, these events are unique to Daxx (Charette et al., 2000) .
Oxidative stress-induced apoptosis is another stress signal that is regulated by Hsp27 in a manner dependent upon the oligomerization state of the protein. The inhibition of Hsp27 phosphorylation discourages the formation of high molecular weight complexes of Hsp27 and in turn decreases its protection against oxidative stress-induced cell death.
Gene ablation studies have shown that Hsp70 plays important roles in apoptosis. Recently, a mouse line lacking Hsp70.1 was generated. In these mice, TNFinduced apoptosis is not prevented when the mice are heat stressed (Van Molle et al., 2002) . The testis-specific isoform of Hsp70 (Hsp70.2) has also been ablated, resulting in germ cell apoptosis. Germ cells show G2M arrest and death in late pachytene cells, indicating an important role for Hsp70.2 in meiosis regulation (Dix et al., 1996) .
Role of heat-shock proteins in ischemic and degenerative disorders
During focal ischemia, the cells surrounding the core infarct rapidly upregulate Hsp27, 70, and 90 mRNA levels, implying that increases in heat-shock proteins represent a stress response to ischemia-reperfusion injury (Iwaki et al., 1993; Kawagoe et al., 1993) . The overexpression of Hsp70 in the neurons of transgenic mice or mice injected with Hsp70-expressing viral vectors results in cytoprotection in several different models of nervous system injury, including ischemia. In myocardial infarction models, heart-specific transgenic mice or in vivo gene transfer of Hsp70-expressing vectors have increased resistance to cell death and better functional recovery (Radford et al., 1996; Suzuki et al., 1997; Okubo et al., 2001) .
In muscle cell death, caspase-mediated cleavage of the intermediate filament desmin is associated with muscle cell death (Chen et al., 2003) . An important role for caspase-8 and caspase-8 antagonists in heart development has also been revealed through gene knockout studies in mice (Varfolomeev et al., 1998; Yeh et al., 2000) , providing additional evidence for a link between caspases and muscle physiology. Overall, however, the mechanisms regulating caspase activation and apoptosis in muscle are largely unknown.
Differentiation-induced apoptosis of myogenic cells is regulated by the small heat-shock protein aB-crystallin, which is closely related to Hsp27. aB-crystallin inhibits the proteolytic activation of caspase-3 during myoblast differentiation (Kamradt et al., 2002) . This protective effect is blocked when aB-crystallin carries a phosphorylation-deficient point mutation at Arg120, which is the same mutation responsible for Desmin-like myopathy (myofibrillar myopathy) (Kamradt et al., 2002) . The overexpression of Arg120Gly aB-crystallin causes aberrant desmin function and aggregation of aB-crystallin with early death and myopathy (Wang et al., 2001) . In muscle atrophy, phosphorylated small heat-shock proteins are recruited to aggreosomes for quality control of proteins, suggesting a role for Hsp27 in proteasome regulation . Recently, the ubiquitin protein ligase (MAFbx/Atrogin-1) and ring finger protein (MuRF1) have been cloned as inducible genes of muscular atrophy (Bodine et al., 2001; Gomes et al., 2001) . It would be interesting to explore the possible functional interactions between small heat-shock proteins and atrophy-specific proteasome machinery.
Neurodegenerative disorders, such as Parkinson's and Huntington's disease, are caused by the deposition of misfolded proteins, which in turn cause neuronal cell death. Hsp27 is capable of protecting motor neurons from apoptosis following mechanical injury (Benn et al., 2002) . This protective mechanism requires the proper phosphorylation state of Hsp27 and appears to act somewhere between Cyt c release and caspase-3 activation. The phosphorylation requirement may be important for Hsp27 dissociation to the oligomeric form that would then be competent to interact with newly released Cyt c (Bruey et al., 2000a; Benn et al., 2002) . Hsp70 has been shown as an anticell death factor in neurodegenerative diseases. Using Drosophilia as a model system, Hsp70 was identified as having a major role in preventing cell death and protein aggregation in polyglutamine and Parkinson's model systems. Hsp70 immunostaining was localized to the protein aggregates and overexpression suppressed the degeneration observed normally (reviewed in Bonini, 2002) . The ATPase activity of Hsp70 was required for this reversal, implicating its chaperone activity in this protective effect. Hsp70 overexpression may afford this improvement because it replenishes the supply of chaperones that may be depleted by the excess proteins comprising the aggregates (Warrick et al., 1999; Kazemi-Esfarjani and Benzer, 2000; Auluck et al., 2002) . Hsp70 association with polyglutamine proteins may suppress aggregation in vivo, as supported by studies using fluorescently labeled Hsp70 proteins that were found to be transiently rather than permanently associated with protein aggregates .
Autosomal recessive juvenile Parkinsonism results from mutations in the parkin gene. The Parkin protein has a ubiquitin-like domain at its N-terminus, and two ring finger motifs plus an IBR (in between ring fingers) at its C-terminus. Parkin has an E3 protein ligase activity that suggests its role in the ubiquitination pathway for misfolded proteins arising from the endoplasmic reticulum (ER) (Imai et al., 2002) . Parkin recognizes unfolded Pael-R, which resides in the ER membrane and causes ER stress-induced cell death as a ubiquitin ligase target (Imai et al., 2001) . Parkin cooperates with Hsp70 and the cochaperone CHIP to inhibit Pael-R-induced neurodegenerative cell death through the ubiquitin proteasome protein degradation pathway (Imai et al., 2002) .
The above examples provide evidence for the importance of heat-shock and cochaperone proteins in governing ischemia-reperfusion injury and degenerative disorders in brain and muscular tissues.
Apoptosis regulation by cochaperones
How do heat-shock proteins serve such diverse functions in apoptosis regulation? It may be that the cochaperones determine the multifunctional properties of each heatshock protein. Heat-shock proteins may select different partners depending on guidance from various cochaperones. These cochaperone partners include three different protein families: DnaJ/Hsp40, tetratricopeptide repeat (TPR), and BAG-family proteins.
DnaJ family
The Hsp40 homolog, DnaJ, contains a B70 amino-acid J-domain at its N-terminus, which binds to the bacterial homolog of Hsp70, DnaK. DnaJ also has three other domains: Gly-Phe-rich, Cys-rich Zn-finger, and C-terminal (for review, see Pfanner, 1999; Zhang et al., 2002) . J-domain-containing proteins can be grouped into two subfamilies: the DnaJ/Hsp40 family and the J-domain-only family. The subfamily proteins that carry only the J-domain may have acquired this domain as a means of attracting Hsp70 molecules. This may then afford the specialization necessary for Hsp70 to play wide-ranging roles in cell signaling and apoptosis (Kelley, 1998) . These J-domain-only proteins stimulate Hsp70 ATPase activity and target its chaperone activity in the context of cell-cycle regulation, protein translocation, exocytosis, tumor cell growth, DNA replication, apoptosis, etc.
The DnaJ-family proteins and Hsp70 are key regulators of apoptosome formation as described in the previous section. The mitochondrial matrix protein Tid1 -a homolog of a Drosophila tumor suppressor gene -has two isoforms, long and short, which are proand antiapoptotic, respectively. Tid1 is a DnaJ-family protein and interacts with mitochondrial Hsp70 (Syken et al., 1999) . Tid1 regulates apoptosis induced by DNA-damaging agents in a J-domain-dependent manner. The short form lacks the J-domain and is thus protective, while the J-domain carrying the long form promotes apoptosis (Syken et al., 1999) . MDG/ Erdj4 is a DnaJ protein family member that is expressed in response to ER stress. This protein may act to stabilize ER chaperone GRP78/BiP binding to unfolded proteins in a J-domain-dependent manner, which prevents unfolded proteins from accumulating in the ER, which in turn prevents ER stress (Kurisu et al., 2003) .
The J-domain is well conserved throughout evolution. The SV40 large T antigen has a J-domain at its N-terminus and associates with Hsp70, implicating it in the regulation of tumorigenesis, cell cycle, and transformation. The SV40 large T antigen also associates with p53 and pRB, suggesting that it may act as a bridge between those proteins and the cell death pathway (Gjoerup et al., 2000) .
TPR family
The TPR is known as a protein-interacting motif that binds to Hsp70 and Hsp90. TPR domains are found in various proteins and regulate the cell cycle, protein folding, transcription, protein transport, ubiquitinproteasomes, hormone receptor signaling, and several other pathways.
CHIP was originally cloned as a protein that interacted with Hsc70 and carries both a TPR motif and U-box (Ballinger et al., 1999) . CHIP regulates cell death in some types of Parkinson's disease as described above.
TPR2 was identified as a protein that interacts with Rad9, a cell-cycle checkpoint protein that may also control apoptosis by interacting with the antiapoptotic Bcl-2 protein (Xiang et al., 2001) . TPR2 carries both a J-domain and TPR motif, the latter being responsible for interacting with Rad9, which suggests that TPR2 may have a role in regulating either cell-cycle control and/or apoptosis. The activity of transcription factor p53 is regulated by p300/CBP coactivator complex, which includes the TPR protein Strap (Demonacos et al.,
Heat-shock proteins as regulators of apoptosis S Takayama et al 2001) . Strap increases the stability of p53 and in turn regulates apoptosis by modulating the activity of MDM2, a protein that impairs p53 transcription activation by impeding its interaction with transcription machinery and targeting p53 for ubiquitination (Oliner et al., 1993) .
BAG family
BAG-family proteins contain a conserved B80 aminoacid domain near their carboxyl-termini, which binds the ATPase domain of Hsp70 and Hsc70 with high affinity (Takayama et al., , 1999 . The N-terminal domains in these proteins are divergent and target Hsp70/Hsc70 to different proteins and to different locations within cells. BAG-family genes are evolutionarily conserved, with homologs identified in C. elegans, yeast, and other organisms. To date, six members of the BAG family have been identified in humans. Four of them have been reported as antiapoptotic proteins. The BAG1 protein was originally identified as a novel regulator of apoptosis by virtue of its ability to bind Bcl-2 (Takayama et al., 1995) . Later, BAG1 was shown to interact with Hsp70 via its ATPase domain in vitro. BAG1 could inhibit Hsp70-mediated refolding of an unfolded substrate, possibly by preventing release of the substrate from the Hsp70 complex Bimston et al., 1998) .
BAG1 collaborates with Bcl-2 in suppressing apoptosis induced by Fas, kinase inhibitors, withdrawal of growth factors, and chemotherapeutic drugs (Takayama et al., 1995; Wang et al., 1996; Clevenger et al., 1997; Danen-van Oorschot et al., 1997; Terada et al., 1997) . The overexpression of BAG1 alone inhibits or delays cell death caused by growth factor deprivation, heat shock, and p53. Recently, BAG1 was shown to be an important inhibitor of brain ischemic injury, as transgenic mice overexpressing bag1 in the brain display increased resistance against ischemia reperfusion injury of hippocampal neurons (Kermer et al., 2003) . BAG1 in combination with Bcl-2 also suppresses photoreceptor cell death in the retina of mice expressing a cytotoxic mutant of rhodopsin (Eversole-Cire et al., 2000) .
BAG3 is reported to be a Bcl-2-binding protein and is also called Bis, for 'Bcl-2 interacting death suppressor' (Lee et al., 1999) . In gene transfer experiments where BAG3 was overexpressed, BAG3/Bis displayed little or no antiapoptotic activity, but could synergize with overexpressed Bcl-2 to prevent Bax-induced and Fasmediated apoptosis (Lee et al., 1999) . Thus, it is possible that BAG3 can modulate the function of Bcl-2, at least when overexpressed. Recently, it was reported that the upregulation of bag3 gene expression is observed in cerebral infarction . BAG3 also binds PLC-by PXXP motif located next to the BAG domain of BAG3 (Doong et al., 2000) . BAG3 mRNA levels increase under various stress conditions, including heat and heavy metal exposure (Liao et al., 2001; Pagliuca et al., 2003) . BAG3 protein has a diffuse cytosolic distribution, but upon heavy metal treatment, the protein translocates to the ER. Thus, BAG3 may regulate stress-induced cell death through various interacting proteins either in the cytosol, ER, or other cellular compartments. B-CLL cells express high levels of BAG3. Reduction of BAG3 by antisense results in the increase of apoptotic sensitivity to chemotherapeutic drugs (Romano et al., 2003) .
BAG4 (also known as Sodd, silencer of death domain) contains a unique N-terminal domain that reportedly allows it to associate with the death domains of TNFR1 and DR3 (Jiang et al., 1999) . BAG4 is speculated to recruit Hsp70/Hsc70 to unliganded TNF-family death receptors, preventing them from clustering and signaling in the absence of a ligand (Jiang et al., 1999) . BAG4 binds to TNF-R1 by an ATPdependent mechanism (Miki and Eddy, 2002) . Recent reports postulate a possible ATPase function of TNFR1, since BAG4 binds both Hsp70 and TNFR1 by its BAG domain. This ATPase activity may promote a conformational change in the receptor that could regulate TNF signaling (Miki and Eddy, 2002) .
BAG4 was also recently shown to bind to Bcl-2 (Antoku et al., 2001) . A BH3-like sequence was identified in the BAG domain, which may be important for its interaction with Bcl-2, given that BH3 domains are involved in many interactions between Bcl-2 family protein members (for review see Chittenden, 2002) . BH3-like domains are common to BAG1, BAG3, and BAG4 proteins, suggesting that these proteins may all interact with Bcl-2-family proteins.
The Drosophila protein Scythe was first identified through its binding to the potent apoptotic inducing protein Reaper. Scythe possesses a BAG domain and inhibits the refolding activity of Hsp70. Therefore, we have termed this protein BAG6. BAG6 (Scythe) purportedly sequesters an AIP, which it releases upon binding to Reaper, resulting in an exodus of this unidentified factor into the cytosol, where it induces the release of Cyt c from the mitochondria (Thress et al., 2001) .
Conclusions
Heat-shock proteins have been reported to regulate apoptosis and cell death. Heat-shock proteins can inhibit or aid the apoptotic machinery through their chaperone functions by affecting protein assembly and folding, ubiquitin degradation pathways, and protein translocation. Chaperone-independent regulation of apoptosis by heat-shock proteins is also reported in the case of the JNK and AIF proteins. In some cases, the multifunctional properties of heat-shock proteins can be explained by different interactions with cochaperones. Research on cochaperone function as well as on heat-shock proteins themselves in regulating apoptosis may yield more precise information on mechanisms of apoptosis and cell death regulation.
